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A NINETEEN-CHANNEL FILT5:R S A N K  SPECTRUM ANALYZER 
FOR A SPEECH R E C O G N I T I O N  S Y S T E V  
I. I N T R O D U C T I O N  
The goa.1 of  t h i s  ;{ASA Research P r o j e c t  on Voice C o n t r o l l e d  
Computing Devices  i s  t o  produce a computer s y s t e m  which w i l l  
be capab le  o f  a d a p t i n g  t o  t h e  v o i c e  c h a r a c t e r i s t i c s  o f  a n  
i n d i v i d u a l .  It should  then  be able t o  r e c o g n i z e  c o r r e c t l y  
any o f  a l imi t ed  s e t  o f  messages spoken by this i n d i v i d u a i .  
The p r o t o t y p e  sys te r%whicn  we have c o n s t r u c t e d  i s  d e s c r i b e d  
i n  NASA S c i e n t i f i c  Sepor t  #l, ( C o n t r a c t  MAS12-138 BBN 1 1 2 5 4 ) .  
I n  this d e s c r i p t i o n ,  t h e  i n p u t  s y s t e m  rr;hich w e  u s e  as t h e  base 
f o r  e x t r a c t i n g  p r o p e r t i e s  f o r  speech  r e c o g n i t i o n  i s  d i s c u s s e d  
b r i e f l y .  T h i s  r e p o r t  d e s c r i b e s  i n  d e t a i l  t h a t  i n p u t  system. 
E s s e n t i a l l y  t h e  i n p u t  system i s  a bank of  f i l t e r s  which span  
that part  of t h e  aud io  frequency r ange  s i g n i f i c a n t  i n  speech .  
The i n t e g r a t e d  o u t p u t  of one of t hese  bandpass  f i l t e r s  
r e p r e s e n t s  t h e  average  energy i n  that p o r t i o n  o f  the spectrum 
o v e r  some t i m e  p e r i o d .  
detai led d e s i g n  of t h i s  f i l t e r  Sank, bu t  a l so  p r e s e n t s  t h e  
c r i t e r i a  which l e d  t o  t h e  s e l e c t i o n  of the  f requency  and 
time domain c h a r a c t e r i s t i c s  o f  t h i s  spectrum a n a l y z e r .  
T h i s  r e p o r t  n o t  o n l y  c o n t a i n s  t h e  
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I .  INTRODUCTION 
The g o a l  o f  t h i s  2iASA Research P r o j e c t  on Voice C o n t r o l l e d  
Computing Devices i s  t o  produce a computer s y s t e m  which w i l l  
be  capab le  o f  a d a p t i n g  t o  t h e  v o i c e  c h a r a c t e r i s t i c s  of  a n  
i n d i v i d u a l .  It should  tkzn be ab le  t o  r e c o g n i z e  c o r r e c t l y  
any o f  a l i m i t e d  se t  of  messages spoken by tnis individual. 
The p r o t o t y p e  system,wklicn we have c o n s t r u c t e d  i s  d e s c r i b e d  
i n  N A S A  S c i e n t i f i c  Report  #l, (Con t rac t  NAS12-138 BBN 1 1 2 5 4 ) .  
I n  t h i s  d e s c r i p t i o n ,  t h e  i n p u t  system which w e  u s e  as t h e  base 
f o r  e x t r a c t i n g  p r o p e r t i e s  f o r  speech r e c o g n i t i o n  i s  d i s c u s s e d  
briefly. T h i s  r e p o r t  d e s c r i b e s  i n  d e t a i l  t h a t  i n p u t  s y s t e m .  
E s s e n t i a l l y  t h e  i n p u t  system i s  a bank o f  f i l t e r s  which span  
t h a t  p a r t  o f  t h e  aud io  frequency r ange  s i m i f i c a n t  i n  speech.  
The i n t e g r a t e d  o u t p u t  of one of these  bandpass f i l t e r s  
r e p r e s e n t s  t h e  average  energy i n  t h a t  p o r t i o n  of t h e  spectrum 
over some time p e r i o d .  T h i s  r e p o r t  n o t  o n l y  c o n t a i n s  t h e  
de t a i l ed  des ign  o f  t h i s  f i l t e r  bank, bu t  a l s o  p r e s e n t s  t h e  
c r i t e r i a  which l e d  t o  t h e  s e l e c t i o n  of t h e  f requency  and 
time domain c h a r a c t e r i s t i c s  o f  tn is  spectrum a n a l y z e r .  
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11. DESIGN CONSIDERATIONS 
S e l e c t i o n  of  Cen te r  Frequencies  and 
Bandwidths f o r  t h e  Band-Pass-Fi l te rs  
S e v e r a l  c o n s i d e r a t i o n s  governed t h e  s e l e c t i o n  of t h e  v a l u e s  
t h a t  were used f o r  t h e  c e n t e r  f r e q u e n c i e s  and bandwidths  of  
t h e  f i l t e r s .  F i r s t ,  i t  was n e c e s s a r y  t o  l i m i t  t h e  number 
of  f i l t e r  t o  20 o r  fewer s i n c e  t h i s  was t h e  number of  pa ra l l e l ,  
m u l t i p l e x e d  arialog ii?pil ts  thzt ceul.1 h e  connec ted  t o  t h e  PDP-1 
computer.  It was dec ided  t o  u s e  1 9  f i l t e r s ,  t h e  2 0 t h  channe l  
b e i n g  r e s e r v e d  f o r  a n o t h e r  i n p u t  s i g n a l  t h a t  might  be used i n  
t h e  f u t u r e ,  such as t h e  ou tpu t  from a p i t c h  e x t r a c t o r  o r  from 
some o t h e r  a n a l o g  p r o c e s s i n g  d e v i c e .  
I n  t h e  f requency  r ange  up t o  about  3000 Hz, t h e  f i l t e r s  were 
a r r a n g e d  t o  be  spaced uniformly and t o  have e q u a l  bandwidths .  
T h i s  i s  the  approximate frequency r ange  encompassed by t h e  
f i r s t  three  r e sonances  o f  t h e  v o c a l  t r a c t  ( f o r  a d u l t  male 
speakers),  and t h e r e  i s  ev idence  t h a t  a l l  of these r e sonances  
p l a y  a n  impor t an t  r o l e  i n  the  p e r c e p t i o n  and r e c o g n i t i o n  of  
speech .  
i c a n t l y  more importance t o  one pa r t  of  t h i s  f requency  r ange  
t h a n  t o  a n o t h e r ,  and consequent ly  it i s  r e a s o n a b l e  t o  space  
t h e  f i l t e r s  uni formly  throughout  t h i s  r ange .  
There i s  l i t t l e  j u s t i f i c a t i o n  f o r  a s s i g n i n g  s i g n i f -  
During normal u t t e r a n c e s  o f  male speakers, t h e  fundamental  
f requency  rarely exceeds  180 Hz, and i s  u s u a l l y  i n  t h e  r ange  
80-150 Hz. For vo iced  sounds, i t  i s  known t h a t  t h e  shape of  
I 
I 
I 
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t h e  spectrum envelope  c a r r i e s  most o f  t h e  Impor tan t  informa- 
t i o n ,  p a r t i c u l a r l y  w i t h  r ega rd  t o  segmental  f e a t u r e s ,  i . e . ,  
with regard t o  t h e  i d e n t i t y  of  p h o n e t i c  segments ,  whereas 
t h e  fundamental  f requency  ( f requency  of  voca l -cord  v i b r a t i o n )  
i s  o f  less impor tance ,  a t  l e a s t  i n  E n g l i s h .  
Thus a spectrum a n a l y z e r  f o r  such sounds shou ld  i d e a l l y  
p r o v i d e  a r e p r e s e n t a t i o n  of t h e  spectrurn enve lope ,  and t h i s  
r e p r e s e n t a t i o n  should  be r e l a t i v e l y  un in f luenced  by t h e  
fundamental  f requency .  These c o n s i d e r a t i o n s  l e d  t o  t h e  
s e l e c t i o n  o f  360 Hz as an a p p r o p r i a t e  f i l t e r  bandwidth i n  
the f requency  r ange  up t o  3030 Hz. With such a bandwidth 
there are  a l w a y s  a t  l eas t  two harmonics of t h e  fundamental  
w i t h i n  a g iven  f i l t e r ,  and probably  no more t h a n  f o u r  such  
harmonics .  Thus, changes i n  t h e  p a t t e r n  o f  f i l t e r  o u t p u t s  
f o r  a vo iced  sound due t o  changes i n  fundamental  f requency  
shou ld  be  a m a i l .  
I n  o r d e r  t o  p rov ide  a n  adequate  r e p r e s e n t a t i o n  o f  t h e  spectrum 
enve lope ,  it was dec ided  t o  space  t h e  f i l t e r s  eve ry  180 Hz 
i n  t h e  f requency  r ange  up t o  3000 Hz. Assuming t h e  f i l t e r  
bank i s  des igned  w i t h  Lerner  f i l t e r s ,  ’,* such  an  a r r a n g e -  
ment would permit p o l e s  t o  be shared between t h e  odd-numbered 
f i l t e r s  and between t h e  even-numbered ones .  
I f  we s e l e c t  a lower-frequency cu t -o f f  o f  80 Hz f o r  t h e  f i rs t  
f i l t e r ,  t h e n  t h e  f i rs t  1 5  f i l t e r s  cover  t h e  f r equency  r ange  
from 80-2960 Hz, as shown i n  T a b l e  1. The f r equency  r ange  
above 3000 Hz i s  of importance p r i m a r i l y  f o r  c a r r y i n g  i n f o r -  
mat ion  about  t h e  n o i s e - l i k e  components of speech--the 
f r i c a t i o n  n o i s e  f o r  s t o p  and f r i c a t u r e  consonan t s .  For t h e  
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F i l t e r  
No. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
1 9  
Lower 
cu t -Of f  
CPS 
100 
260 
440 
620 
800 
980 
1160 
1340 
1520 
1700 
1880 
2060 
2240 
2420 
2600 
2960 
3560 
4400 
5480 
Higher  
c u t - O f f  
CPS 
440 
620 
800 
980 
1160 
1340 
1520 
1700 
1880 
2060 
2240 
2420 
2600 
2780 
2960 
3560 
4400 
5480 
6560 
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Center 
F r e q .  
CPS 
260 
440 
620 
800 
980 
1160 
1340 
1520 
1700 
1880 
2060 
2240 
2420 
2600 
2780 
3260 
3980 
4940 
6020 
No. of  
P o l e s  
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
5 
6 
7 
7 
Cumula- 
t i v e  No. 
o f  Po le s  
4 
8 
10 
12 
14 
16 
18 
20 
22 
24 
26 
28 
30 
32 
34 
37 
41 
46 
51 
TABLE 1. L i s t  o f  F i l t e r  Cen te r  F r e q u e n c i e s  and  Bandwidths  
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_I s h - l i k e  sounds,  there  i s  u s u a l l y  a s p e c t r a l  energy peak i n  
t h e  r a n g e  2500-3500 Hz; f o r  - s - l i ke  sounds t h e  major  s p e c t r a l  
energy  c o n c e n t r a t i o n  may be i n  t h e  r a n g e  3500-4500 Hz; and 
f o r  - f and - t h there may b e  u s e f u l  i n f o r m a t i o n  up t o  6000 Hz 
o r  h i g h e r .  It i s  a p p a r e n t ?  t h e r e f o r e ,  t h a t  f i n e  f r equency  
r e s o l u t i o n  i n  t h i s  f requency  r a n g e  i s  n o t  r e q u i r e d .  Such 
a c o n c l u s i o n  i s  c o n s i s t e n t  w i t h  what i s  known r e g a r d i n g  t h e  
r e l a t i v e l y  poor  f requency  d i s c r i m i n a t i n g  c a p a b i l i t i e s  o f  
t he  a u d i t o r y  mechanism a t  h igh  f r e q u e n c i e s .  Thus t h e  h i g h  
f r equency  r ange  from 2960 t o  6560 Hz was covered. by  f o u r  
f a i r l y  broad f i l t e r s ,  w i t h  no o v e r l a p  i n  f requency  r a n g e  
between f i l t e r s .  
S i n c e  it i s  impor t an t  i n  speech a n a l y s i s  t o  d e t e c t  t h e  
o c c u r r e n c e  o f  r a p i d  changes i n  e v e n t s  a t  d i f f e r e n t  f r e q u e n c i e s ,  
t o  w i t h i n  a t  l eas t  a few msec, each  bandpass  f i l t e r  shou ld  
e x h i b i t  app rox ima te ly  t h e  same time de lay .  Le rne r  f i l t e rs  
c a n  be des igned  t o  p r o v i d e  t h e  r e q u i r e d  t ime-de lay  c h a r a c t e r -  
i s t i c s ,  and,  i n  a d d i t i o n ,  have s e v e r a l  o t h e r  d e s i r a b l e  
f e a t u r e s ,  as d i s c u s s e d  l a t e r  i n  t h l s  r e p o r t .  
132 
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S e l e c t i o n  of t h e  Low-Pass F i l t e r  C h a r a c t e r i s t i c s  _-_- - -_ 
The s e l e c t i o n  o f  an  ave rag ing  time f o r  t h e  low-pass f i l t e r s  
f o l l o w i n g  t h e  r e c t i f - i e r s  i s  determined by s e v e r a l  f a c t o r s .  
F i r s t ,  t h e  ave rag ing  time should be s u f f i c i e n t l y  l o n g  t h a t  
there  are n o t  a p p r e c i a b l e  f l u c t u a t i o n s  i n  t h e  o u t p u t s  o f  
t h e  channe l s  w i t h i n  a p e r i o d  of t h e  fundamental  f r equency .  
S i n c e  t h e  o u t p u t s  are sampled p e r i o d i c a l l y ,  sampling i s  n o t  
synchronous w i t h  t h e  fundamental  p e r i o d ,  and any f l u c t u a t i o n  
i n  o u t p u t  would r e p r e s e n t  an  a r t i f a c t .  On t h e  o t h e r  hand, 
t h e  a v e r a g i n g  t i x e  should  be s u f f i c i e n t l y  s h o r t  t h a t  r ap id  
changes i n  l e v e l  a s s o c i a t e d  w i t h  t h e  o n s e t  of s t o p  and n a s a l  
consonan t s  can  be de tec ted .  For  such  consonants ,  these  
changes occur  w i t h i n  a few msec, whereas f o r  o t h e r  classes 
of sounds,  changes occupy an i n t e r v a l  of s e v e r a l  t e n s  of msec. 
These c o n s i d e r a t i o n s  l e d  t o  s e l e c t i o n  of  a n  a v e r a g i n g  t i m e  o f  
10-20 msec. The we igh t ing  f u n c t i o n  ( i . e .  t h e  impulse r e s p o n s e )  
a s s o c i a t e d  w i t h  each low-pass f i l t e r  should  have as s h o r t  a 
" t a i l "  as p o s s i b l e  so t h a t  on ly  e v e n t s  ove r  t h e  10-20 msec 
i n t e r v a l  are  averaged .  
-6- 
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111. TRANSMISSION C H A R A C T E R I S T I C S  OF THE 
SPECTRUM ANALYZER 
I n p u t  Stage 
The f u n c t i o n a l  b lock  diagram of  t h e  spectrum a n a l y z e r  i s  
shown i n  F i g .  1. The i n p u t  s t age  c o n t a i n s  an  i n p u t  ampl i -  
f i e r ,  a pre-emphasis network, and two d r i v e r  ampl i f ie rs  
f e e d i n g  t h e  bandpass f i l t e r s .  The i n p u t  and d r i v e r  a m p l i -  
f i e r s  e x h i b i t  f l a t  f requency r e s p o n s e s  and n e g l i g i b l e  
harmonic d i s t o r t i o n  over  t he  f requency  r ange  of  i n t e r e s t  
(80  Hz t o  7 m z j .  The pre-emphasis network i s  a high-pass  
f i l t e r  whose f requency  response  resembles t h e  i n v e r s e  o f  t h e  
long-term r m s  speech spectrum of  male v o i c e s .  S i n c e  t h e  
long-term r m s  l e v e l  o f  t h e  speech s i g n a l  i s  r e l a t i v e l y  low 
a t  h i g h e r  f r e q u e n c i e s ,  t h e  emphasis provided  by  t h e  high-pass  
f i l t e r  e q u a l i z e s  t h e  spectrum of  t h e  i n p u t  s i g n a l  t o  t h e  
bandpass  f i l t e r ,  and t h u s  a l lows  f u l l  u t i l i z a t i o n  o f  t h e  
dynamic r ange  of  t h e  h i g h  frequency f i l t e r s  and d e t e c t o r s .  
The s l o p e  o f  t h e  high-pass  f i l t e r  (+6  dB/octave,  3 d B  up 
a t  7 4 0  Hz)  i s  somewhat smaller t h a n  t h e  s l o p e  o f  t h e  i n v e r s e  
long-term r m s  speech spectrum (+6  t o  +12 dB/octave,  5 d B  up 
a t  7 4 0  Hz)  so t h a t  s i n g l e  phones ( e .g .  t h e  f r i c a t i v e s  - s and 
- s h )  w i t h  r e l a t i v e l y  h igh  energy a t  t h e  h igh  f r e q u e n c i e s  do 
n o t  ove r load  these  f i l t e r  channels .  
-7- 
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Frequency Response o f  t h e  B a n d f i l t e r s  _-_- 
L e r n e r  f i l t e r s  192 were chosen t o  r e a l i z e  t h e  f i l t e r  
s p e c i f i c a t i o n s  descr ibed  under S e c t i o n  I1 s i n c e  t hese  
e x h i b i t  t h e  fo l lowing  c h a r a c t e r i s t i c s :  
By s h a r i n g  two p o l e s  becween a d j a c e n t  f i l t e r s ,  
a bank o f  r,-pole f i l t e r s  can  be o b t a i n e d  w i t h  
on ly  (n-2) a d d i t i o n a l  p o l e s  f o r  each  f i l t e r  
a f t e r  t h e  first. I n  t h i s  manner, s h a r p  s k i r t e d  
f requency  responses  can  be  o b t a i n e d  w i t h  a 
fewer number o f  p o l e s  t h a n  would be n e c e s s a r y  
f o r  a Bessel, Chebyshev o r  Bu t t e rwor th  f i l t e r  
w i t h  comparable r e sponse .  
The f requency  r e sponses  o f  i n d i v i d u a l  f i l t e r s  
e x h i b i t  n e a r l y  p e r f e c t  symmetry around t h e i r  
c e n t e r  f r e q u e n c i e s .  
The phase response  i s  l i n e a r  ove r  t h e  passband 
o f  each f i l t e r .  
The s l o p e  of t h e  phase  r e sponse ,  i . e . ,  t h e  d e l a y  
time of t h e  b a n d f i l t e r  may b e  kep t  c o n s t a n t  f o r  
f i l t e r s  of d i f f e r e n t  c e n t e r  f r e q u e n c i e s  and band- 
widths .  Therefore ,  s p e c t r a l  conponents  o f  a n  
i n p u t  s i g n a l  can  a p p e a r  s imul t aneous ly  a t  t h e  
o u t p u t s  of t h e  f i l t e r  channe l s .  
-9- 
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These c h a r a c t e r i s t i c s  of  Lerner  f i l t e r s  a re  i l l u s t r a t e d  
i n  F ig .  2 by t h e  f requency ,  phase  and i n p u l s e  r e s p o n s e s ,  
f H ( f ) l ,  0 ( f )  and h ( t ) ,  o f  f i l t e r s  no. 5 and 7. 
The o v e r a l l  f requency  responses  of  a l l  19 f i l t e r s  and de- 
t e c t o r s  i s  p r e s e n t e d  i n  F ig .  3. Note t h a t  r e s p o n s e s  of 
po le - sha r ing  f i l t e r s  have t h e i r  c r o s s o v e r  p o i n t s  c l o s e  t o  
-3 d B  and bandwidths as o r i g i n a l l y  g iven  i n  Tab le  1. The 
c e n t e r  f r e q u e n c i e s  o f  t h e  even-numbered f i l t e r s  are n e a r l y  
e q u a l  t o  t h e  c r o s s o v e r  f r e q u e n c i e s  of t h e  odd-numbered f i l t e r s .  
For  a t t e n u a t i o n s  t o  abou t  -39 d B ,  t h e  s k i r t s  o f  f i l t e r s  no. 
1 6  th rough  19 a?e steeper t h a n  t h e  s k i r t s  o f  t h e  remain ing  
f i l t e r s  due t o  t h e  h i g h e r  number o f  p o l e s .  For  a t t e n u a t i o n s  
grea te r  t h a n  -30 d B ,  t h e  high-frequency s k i r t s  o f  f i l t e r s  no. 
1 7 ,  18 ,  19 t e n d  t o  f l a t t e n  ou t  s l i g h t l y ,  most l i k e l y  due t o  
s t ray  c a p a c i t a n c e s  between c i r c u i t  connec t ions .  T h i s  phen- 
omenon was cons ide red  i r r e l e v a n t  s i n c e  h igh  f requency  
r e s o l u t i o n  of these f i l t e r s  was n o t  des i red  ( p . 5 ) .  
All f requency  r e sponses  were c a l c u l a t e d  w i t h  t h e  a i d  of a 
d i g i t a l  computer and found t o  agree c l o s e l y  w i t h  t h e  measured 
r e s p o n s e s  (F ig .  3 )  excep t  f o r  t h e  s l i g h t  f l a t t e n i n g  o f  t h e  
f i l t e r  s k i r t s  a t  high a t t e n u a t i o n  l e v e l s .  
R e c t i f i e r  and Low-Pass F i l t e r  -- C h a r a c t e r i s t i c s  
A l l  r e c t i f i e r s  c o n s i s t  o f  o p e r a t i o n a l  a m p l i f i e r  c o n f i g u r a t i o n s  
w i t h  a l i n e a r  dynamic range  exceeding  60 d B .  
-10- 
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A four -pole  Ressel f i l t e r  was chosen t o  o b t a i n  t h e  envelope ,  
i . e .  t h e  approximate energy,  o f  t h e  s i g n a l  from t h e  r e c t i -  
f i e r s  (F ig .  1). A similar d e s i g n  has Seen found u s e f u l  i n  
vocoder  a p p l i c a t i o n s .  The Bessel f i l t e r  p r o v i d e s  a non- 
r i n g i n g  impulse r e sponse ,  a " t a i l "  t h a t  i s  r e l a t i v e l y  s h o r t ,  
and an  a v e r a g i n g  time of 10-20 msec. These c h a r a c t e r i s t i c s  
are  i l l u s t r a t e d  i n  F i g .  4 which shows the f requency  r e sponse  
and t h e  impulse r e sponse  of t h e  low-pass f i l t e r .  
-13- 
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I V .  C I R C U I T S  
I n p u t  Stage 
The c i r c u i t  diagram of t h e  i n p u t  s tage i s  shown i n  F i g .  5 .  
The ou tpu t  froin a conven t iona l  t ape  r e c o r d e r  i s  f ed  i n t o  
a n  i n p u t  ampl i f i e r  (Type BBN-DE-200) whose v a r i a b l e  feedback 
r e s i s t o r  p rov ides  t h e  common g a i n  adjustrnent f o r  a l l  f i l t e r  
channe l s .  The g a i n  adjustment  procedure  i s  f a c i l i t a t e d  by 
a VU-meter connected t o  t h e  o u t p u t  of t h e  i n p u t  ampl i f ie r .  
By means o f  a s e p a r a t e  po ten t iome te r  t h i s  V U - m e t e r  may be 
a d j u s t e d  such t h a t  speech peaks exceeding  +3VU w i l l  i n d i c a t e  
c l i p p i n g  i n  t h e  f i l t e r  channels  and/or  ove r load ing  o f  t h e  
A/D c o n v e r t e r .  
The RL-network i n  t h e  feedback p a t h  of  t h e  f i rs t  d r i v e r  
ampl i f i e r  p r o v i d e s  t h e  high f requency  pre-emphasis .  By 
means of a s w i t c h  t h i s  network may be  r e p l a c e d  by a r e s i s t o r  
f o r  g a i n  c a l i b r a t i o n  of t h e  f i l t e r  channe l s  (12. 2 0 ) .  
S i n c e  t h e  bandpass  f i l t e r  netvrorks r e q u i r e  i n p u t s  of o p p o s i t e  
phase a second i n v e r t i n g  d r i v e r  a m p l i f i e r  i s  used as 
shown on t h e  lower r i g h t  of F i g .  5. A po ten t iome te r  i n  t h e  
feedback  p a t h  p rov ides  f o r  a d j u s t a b l e  a m p l i t u d e  ba l ance  of 
t h e  two i n p u t  s i g n a l s .  
-15- 
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Band-Pass F i l t e r s  
The p o l e  p a t t e r n  y i e l d i n g  t h e  f requency  respofises  o f  F i g .  3 
i s  shown i n  F i g .  6 .  P o l e s  a s s o c i a t e d  !:ith one f i l t e r  are  
connec ted  by converg ing  l i n e s .  Each f i l t e r  shares  two p o l e s  
w i t h  each  ne ighbor ing  f i l t e r .  
According t o  t h e  Le rne r  s y n t h e s i s  procedure ,  p o l e s  o f  a n  
i n d i v i d u a l  f i l t e r  are spaced a t  e q u a l  i n t e r v a l s  ( 2 4 0  Hz) i n  
t h e  pass-band and a t  h a l f  i n t e r v a l s  ( 1 2 0  Hz) a t  t h e  band 
edges. S i n c e  t h e  frequency r e s p o n s e s  o f  ne ighbor ing  f i l t e r s  
have t h e i r  3 d B  c r o s s o v e r  p o i n t s  a t  a f requency  mid-way 
between t h e  shared p o l e s ,  a l l  4-pole f i l t e r s  (no .  1-15) have 
bandwidths of 360 Hz. The number of t h e  p o l e s  f o r  t h e  re- 
maining f i l t e r s  are  selected such  t h a t  bandwidths as g i v e n  
i n  Tab le  1 r e s u l t .  
Each p o l e  o f  F i g .  6 i s  r e a l i z e d  by a s e r i e s  r e s o n a n t  c i r c u i t  
as  shown i n  F i g .  7 f o r  f i l t e r s  no. 1 through 15.  The p r o p e r  
p o l e  r e s i d u e  i s  ach ieved  by resistor weigh t ing  o f  t h e  c u r r e n t s  
from each  r e s o n a n t  c i r c u i t  i n t o  t h e  sunminc node o f  an  
o p e r a t i o n a l  a m p l i f i e r  as  d e s c r i b e d  b y  D r o u i l h e t  and Goodman. 
I d e n t i c a l  i n d u c t o r  v a l u e s  were u s e e  f o r  a l l  r e s o n a n t  c i r c u i t s  
and t h e  c a p a c i t o r s  were c a l c u l a t e d  by C = 1/4n L, , where 
f i s  t h e  f requency  of a po le .  (Approximately 1 X  of t h e  C 
v a l u e  was r e a l i z e d  by a t r i m m e r  c a p a c i t o r  t o  compensate f o r  
s l i g h t  i n a c c u r a c i e s  and v a r i a t i o n s  o f  t h e  f i l t e r  components.) 
For a chosen v a l u e  o f  L = 0.5 mh, = 1.CG k was o b t a i n e d  
from t h e  r e l a t i o n  L / R t  = 1/2v 360, where R t  = 2/3  R ,  t h e  
p a r a l l e l  r e s i s t a n c e  of R and 2 R .  
1 
2 ,2 
-17- 
JOB NO. 11254 
v) z 
0 
I- 
0 
0 
-I 
W 
-I 
0 
- 
a 
a 
N 
I 
0 
L 
7- 
~~ 
BOLT BERANEK 8 NEWMAN INC 
X 
I/ 
v) 
w 
w + 
2 
L 
- 
v) 
v) 
e 
i 
n 
a 
m 
0 
7 
w 
w 
I- + 
e 
w 
.-I 
0 
e 
7 
LL 
a 
JOB NO. 11254 BOLT BERANEK 8 NEWMAN INC 
I I 
I I 
n 
1 "! I a 
I w g q  I I N 
I 1 v -  
I 
I a 
I a 
-J 
CL 
H 
a 
J 
I d- 
- I 
J 
a I (u 
J o b  No. 1 1 2 5 4  BOLT R E 7 A N 3 K  AND NEWMAN IKC 
F i l t e r s  no. 1 6  though 1 9  were r e a l i z e d  by t h e  sane c i r c u i t  
s t r u c t u r e  as shown i n  F i g .  7 ,  w i t h  p o l e s  i n  t h e  passband 
and a t  t h e  band-edges. (Pig. 6 )  weighted by  R and 2 R  r e s p e c t -  
i v e l y .  The n i g h e s t  p o l e  a t  6620 I-Iz was t i e d  o v e r  fi t o  
ground t o  s i m u l a t e  t h e  i n p u t  irr,pedance of a n  a d d i t i o n a l  
n e i g h b o r i n g  summing ampl i f i e r  as i s  a l s o  shown f o r  t h e  lowes t  
p o l e  i n  F i g .  6 .  
R e c t i f i e r s  and Low-Pass F i l t e r s  
The c i r c u i t r y  c o n t a i n i n g  t h e  summing a m p l i f i e r s ,  r e c t i f i e r s ,  
low-pass f i l t e r s  and ou tpu t  a m p l i f i e r s  i s  shown i n  Fig. 8. 
(All o p e r a t i o n a l  amplif iers :  Union Carbide t y p e  H6010). 
The c i r c u i t  f o r  f i l t e r  channel  no. 1 i s  shown i n  t h e  uppe r  
p o r t i o n  of  t h e  f i g u r e .  The summing ampl i f i e r  i s  fo l lowed  
by a f u l l  wave r e c t i f i e r  c i r c u i t .  F u l l  wave r e c t i f i c a t i o n  
was n e c e s s a r y  f o r  f i l t e r  channel  no. 1 o n l y ,  i n  o r d e r  t o  
r e d u c e  t h e  ac-components passed b y  t h e  low-pass f i l t e r  o f  
t h i s  channel .  ( A t  80 Hz t h e  r m s  l e v e l  o f  t h e  ac-compcnent 
i n  t h e  o u t p u t  o f  f i l t e r  channel  no.  1 i s  35 d B  below t k z  
dc l e v e l  and d e c r e a s e s  w i t h  a s l o p e  o f  22  dB/oc tave . )  
The c i r c u i t  i n  t h e  lower p o r t i o n  o f  F i g .  8 i s  used f o r  f i l t e r  
c h a n n e l s  no. 2-19. The f i r s t  ampl i f i e r  (1) sums t h e  c u r r e n t  
components from t h e  b a n d - f i l t e r ,  ( 2 )  half-wave r e c t i f i e s  t h a t  
s i g n a l  and ( 3 )  p r o v i d e s  a s i g n a l  o f  a d j u s t a b l e  ampl i tude  t o  
d r i v e  t h e  low-pass f i l t e r .  The g a i n  o f  these amplifiers is 
a d j u s t e d  such  t h a t  211 dc  channe l  o u t p u t s  are e q u a l  f o r  w h i t e  
n o i s e  i n p u t  t o  t h e  spectrum a n a l y z e r  (pre-emphasis  network 
n o t  u s e d ) .  
The o u t p u t  of t h e  low-pass f i l t e r s  i s  f e d  i n t o  ou tpu t  ampl i f i e r s  
which p r o v i d e  low impedance s o u r c e s  t o  d r i v e  t h e  A/D c o n v e r t e r .  
-20-  
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